This paper applies the determined suitability of nanofi ltration (NF) membrane separation for selective isolation and concentration of succinic acid from aqueous solutions which are post-fermentation multicomponent fl uids. The study analyzed the infl uence of concentration and the pH of the separated solutions on the effi ciency and selectivity of NF process that runs in a module equipped with a ceramic membrane. Moreover, the effect of applied transmembrane pressure on the retention of succinic acid and sodium succinate has been studied. The investigations have shown that in the used NF module the retention of succinic acid salt is equal almost 50% in the case of a three-component model solution, although the degree of retention depends on both the transmembrane pressure and the initial concentration of separated salt.
INTRODUCTION
The worldwide production of biodiesel is growing steadily 1 . From year to year the amount of residual glycerol increases, which is one of the main by-products in the process for obtaining biofuels 2 . So the technologies allowing for the development of waste glycerol are of great interest. Many research centers focused on biotechnological processing of glycerol by microbial bioconversion. Through appropriate relation of microorganisms clones it is possible to obtain low molecular weight organic compounds which are useful chemical materials 3 . In this way, waste glycerol is an alternative to petroleum raw material in chemical synthesis technologies. Furthermore an additional benefi t from the bioconversion of waste glycerol is lower pollution of the environment. One of the products of bioconversion of glycerol is succinic acid, an important raw material in the pharmaceutical industry, food industry production of plastics. Besides succinic acid, there are different organic acids in the fermentation broth, such as formic acid, acetic acid, citric acid, along with mineral salts and minor amounts of polyols and proteins 4-6 . One of the most important and usually the most expensive step of succinic acid production by bioconversion of glycerol is its selective isolation from other compounds from post-fermentation broth.
Among available techniques for the separation of low molecular weight organic compounds from fermentation broths, membrane techniques play an important role, including pressure processes
7-9
. However, taking into account that the organic acids, generally have very low values of molecular weight (MW), MF and UF membranes may not reject them effectively enough. On the other hand, NF membranes with two retention mechanisms (i.e. the electrostatic repulsion in the case of dissociated form of acids (above pKa) and the sieving effect due to the molecular size of the neutral form of the organic acids (below pKa)) are capable of rejecting these compounds.
It should be stressed that the effi ciency of retention of weak acids (as dicarboxylic acids) in the NF process is infl uenced strongly by pH variation in the feed solution as well as the value of the molecular weight of the separated compounds. Their retention in the NF process will be high in the ionized form. Thus, the organic acid rejection increases signifi cantly at pH levels above the acidity constant (pKa), but the rejection decreases at pH levels below pKa (when the acids are in the neutral form).
Analysis of changes in the degree of dissociation of succinic acid depending on the pH of the solution (Fig. 1) shows, that in solutions of a pH < 2, succinic acid is completely undissociated, which means that it is in the form of neutral molecules. At 2 < pH < 8 the solution contains both the undissociated acid molecules and succinate anions and hydrogen succinate. However, at pH > 8, in an aqueous solution of a salt of succinic acid the ionic form are only present. Thus, for the separation and concentration of succinic acid by the NF technique, optimal for acid solution seems to be pH 2, and for alkaline solution pH > 8. The aim of the research presented in this paper was to determine suitability of NF membrane separation for selective isolation and concentration of succinic acid from model aqueous solutions serving as post-fermentation multicomponent fl uids. The study analyzed an infl uence of concentration and pH of separated solutions on effi ciency and selectivity of NF process that runs in the module equipped with a ceramic membrane of tubular confi guration. Moreover, the effect of applied transmembrane pressure on the retention of succinic acid and sodium succinate has been investigated.
EXPERIMENTAL PART

Test equipment
To study the separation and concentration of succinic acid by nanofi ltration technique the pilot plant shown in the Figure 1 was used. Membrane module was equipped with tubular ceramic mono-channel membrane (active layer of TiO 2 ) (TAMI Industries, France) with cut-off 450 Da and the effective surface area equal to 0.0125 m 2 . All of the experiments were carried out at room temperature and at transmembrane pressure (TMP) from the range 0.4÷1.5 MPa.
respectively. The samples of the retentate (R) were collected after the fi ltration of the feed in an amount of respectively 0.5 dm 3 for TMP = 0.4 MPa and 1 dm 3 for TMP = 1 or 1.5 MPa. The end of the process takes place after the collection of 2 dm 3 permeate from the NF module. Before and after each experiment of nanofi ltration of the examined solutions the fl ux of deionized water was measured. All of the experiments were carried out at room temperature.
Analyses
The content of mono-and dicarboxylic acids and their salts in the starting solution and in the retentate and permeate fractions obtained in the NF was determined using high performance liquid chromatography HP Agilent 1100 Series (Germany), equipped with autosampler, interface (HP 35900), RI Detector (HP 1047A), pump (HP1050), and separating column Rezex ROA-OrganicAcid H+ (8%), Phenomenex®. The eluent of 2.5 mM H 2 SO 4 solution was constantly brought to a rate of 0.9 ml . min -1 . Column temperature and the temperature at the input to the detector was equal to 40 o C, P = 0.56 MPa. All samples were acidifi ed to pH ≤ 2 by addition of 100 μl 25% H 2 SO 4 to 1000 μl of sample before analysis.
RESULTS AND DISCUSSION
Before proceeding to NF research the hydrodynamic permeability coeffi cient (Lp) of the applied ceramic membrane was determined (Lp = 12.26 · 10 
Reagents
For studies there were used: succinic acid (Succ) (Sigma-Aldrich), citric acid (Cit) (Fluka), acetic acid (Ac) (Fluka), all compounds of analytical purity. To preparation of all solutions the deionized water with a conductivity not exceeding 3 μS . cm -1 was used. Solutions pH was determined by adding an appropriate amount of sodium hydroxide (Sigma-Aldrich).
NF process
To the NF process 10 dm 3 of stock solution (feed -F) were prepared. The process was carried out in a closed system. All of 1.5 min samples of the permeate (P) were collected in the volumes of 0.05 dm 3 and 0.1 dm 3 for transmembrane pressure 0.4 MPa and 1 (or 1.5) MPa, Prior to each experiments of NF of acid solutions, the initial permeability of water (at TMP equal to 1.5 MPa) was tested and after each experiment the ceramic membrane was cleaned according to the following procedure recommended by the producer: (a) washing with ultrapure water (10 min at 30°C), (b) alkaline bath -1% of sodium hydroxide (45 min at 70°C), (c) washing with ultrapure water (10 min at 50°C), (d) washing with ultrapure water (10 min at 40°C) until the pH neutralization, (e) acid bath -0.5% nitric acid (10 min at 50°C), (f) washing with ultrapure water (10 min at 40°C), (g) washing with ultrapure water (10 min at 30°C) until the pH neutralization. The exemplary results presented in Figure 3 indicate that the fouling of membrane was removed successfully. As a result of the cleaning process the initial water permeability was recovered.
Figures 4 and 5 show the permeate fl ux obtained in the NF of aqueous solutions of acids and salts after 20 minutes of operation. These results allow to compare the effi ciency of the NF module (quantity of fi ltrate) at different TMP equal to 0.4, 1.0 and 1.5 MPa, respectively. In the case of all systems investigated higher operating pressure generally results in higher permeate fl ux, irrespective of the composition of separated solutions. The data presented in Figure 5 which illustrates the performance of the NF process for 1, 2 and 3-component solutions of salts, indicate that an increase of transmembrane pressure from 0.4 to 1.5 MPa in the case of single-solution results in even a fi vefold increase of obtained permeate fl ux. However, it is advised that the operating pressure should be controlled so that it would not give a very high initial fl ux which leads to a poor overall performance of the membrane 7 .
mechanism in systems considered was connected with the electrostatic repulsion between separated species and the charged membrane surface. The sieving effect was of secondary importance and can be omitted. Moreover, on the basis of literature data 12 we can assume that the charge of a ceramic membrane surface applied in our investigation becomes more negative when pH increases. Thus, in the case of fi ltration of alkaline solution (pH > 8) an increase in the electrostatic repulsion between solute and membrane should be occurred and as consequence an increase of retention of negatively charged organic solutes should be observed. Figures 6 and 7 summarize the values of the retention degree of individual components, designated by study of the NF separation of 1, 2 and 3 component-solutions. Analysing the results illustrated in Figures 6 and 7 it should be noted that pH of separated solutions was the greatest effect on the retention of acid (or salt) in studied sets. In the case of NF process of solutions containing undissociated acid, the degree of succinic acid retention is only a few % (2-6%) and essentially does not depend on the composition of the separated solution or initial concentration. Slightly higher retention in comparison of 6-10% citric acid was observed. However, the change of pH of the separated solution from the acidic (pH ≤ 2.8), where they are completely undissociated acids, to alkaline (pH ≥ 10), where the acids are in the form of dissociated salts, results in strong retention increase, both of sodium succinate and sodium citrate. It should also be noted that in the case of NF of alkaline solution a signifi cant effect of solution concentration on the retention degree was observed. As shown in 1 and 2 component-sets, the retention degree decreases to a half nearly when the initial concentration of the solution varies from 1% to 3%.
The retention of acetic acid, however, was zero irrespective of the composition of the test solution, which means that the monocarboxylic acid, in constant to diand tricarboxylic acid is completely passes by the ceramic membrane used in experiments.
In all tested systems a strong infl uence of the transmembrane pressure on the retention of ingredients was observed. Our results presented in Figures 6 and 7 indicated that with the increase of the value of TMP the degree of retention decreases, whereas the increase of degree of retention with increasing amounts of the components in separated solution is observed. Similar effect was described by S.H. Kang who investigated the Another factor affecting the effi ciency of the NF process is the composition of separated solutions. In most cases, with increased amounts of the components the fl ux decreases, however, observed changes are only minor. Analysing the performance of NF process separation of acid solutions (Fig. 4) it should be noted that the volume of the fl ux depends not only on the amount of ingredients in a separated solution, but also on the type of separated acids.
Taking into account the cut-off 450 Da of applied ceramic membrane and the molecular weight of separated acids (succinic acid: 118.09 Da, citric acid: 192.12 Da, acetic acid: 60.05 Da) it is obvious that the retention removal of organic acid salts from simulated fermentation broth containing succinate 11 . In the cited paper succinate rejection in multi-salt solutions was observed much higher than that in its single-salt solution, which was quite opposite to the cases of the monovalent acid salts involved. According to the Authors this could be well described by the facilitated transport of the monovalent anions due to Donnan effect in the presence of succinate, a divalent anion.
CONCLUSIONS
The performed study shows that the retention of succinic acid in the NF process of multicomponent solutions is determined mainly by the pH of the separated solution. Retention of succinic acid in NF module equipped with a ceramic membrane can be equal to almost 50%, although the degree of retention depends on the pH of the solution, applied transmembrane pressure and the number of components in a separated solution. In the case of applied ceramic membrane the fouling of membrane can be removed successfully.
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